The primary objective was to determine if the prevalence of Nosema bombi infection is higher for wild bumblebees (Bombus spp.) caught in lowbush blueberry growing areas with a history of commercial bumblebee use than for bumblebees caught in areas without a history of commercial bumblebee use. Additionally, we wished to determine relative Bombus species abundances and diversity in blueberry growing regions. Over two years we caught, identified to species, and dissected 767 bumblebees. Light microscopy revealed overall infection levels of 5.48%. The history of commercial bumblebee use had no relation to infection levels. Bumblebee species diversity and field location had significant relationships to infection (r 2 adjusted = 0.265; species diversity F (1,22) = 6.848, P = 0.016; field region F (1,22) = 5.245, P = 0.032). The absence or presence of one species, Bombus terricola, appears to determine the relationship between species diversity and infection. The data show B. terricola decline in sampled regions and almost half of the collected B. terricola were infected with Nosema. The commercial species, B. impatiens, shows an increase in abundance, but with a 6.9% proportion infection. Molecular confirmation of the infecting species was ambiguous, suggesting a need for future clarification of the infecting species.
Introduction
Native bumblebees (Bombus spp.) serve as valuable pollinators for the lowbush blueberry (Vaccinium angustifolium Aiton) fields in Eastern Maine and Maritime Canada and Quebec. Typically queens are the predominant foragers during blueberry bloom in Maine [1] . They are known to be effective pollinators due to their ability to forage in cool or rainy conditions [2] , which commonly occur during lowbush blueberry bloom in Maine [3] , and their use of sonication to remove pollen grains from the Vaccinium poricidal anthers [4] . As pollinators of lowbush blueberry, Bombus spp. surpass Apis mellifera (L.), the most commonly used commercial pollinator, in terms of purity of pollen load (plant fidelity), flower visitation rates, flower handling time, pollen deposition, and percentage of foragers collecting pollen as opposed to nectar [1, [5] [6] [7] .
Since the early 1990s, commercially reared bumblebees have been available for blueberry growers in Maine [8] and this option appears to be a boon to farmers wishing to enhance pollination by complementing or replacing A. mellifera. Furthermore, the species provided in commercial colonies, Bombus impatiens Cresson, is technically native to Maine, although it is not known whether the source of commercial genotypes is native to Maine. Many farmers wish to use a native species and many express a hope to populate their fields with subsequent generations of wild bumblebees [9] .
The use of commercial bumblebees in Maine lowbush blueberry has not reached the levels of honeybees, peaking Psyche in the mid-2000s, and is since responsible for imported pollination services in about 1.3 to 2.0 percent of the blueberry acreage in Maine [1] . This roughly translates into 400-600 acres of lowbush blueberry fields pollinated with 2000-2400 colonies of commercial bumblebees. These colonies are placed in groups of four, referred to as a quad, directly in the fields where they usually remain until the end of the colony life cycle. Gynes (female reproductives) and males are often produced from the commercial colonies [9] .
Consequences of the placement of commercially reared bees in areas with contact to wild bees have been documented [10, 11] . In a greenhouse situation, Colla et al. [12] showed that pathogens were more prevalent in wild bumblebees located near tomato greenhouses using commercial bumblebees than in more distant wild bumblebee populations. In this study, we examine possible consequences of using commercial bumblebees as pollinators of lowbush blueberry. Specifically, we ask: do commercial B. impatiens used in the Maine lowbush blueberry agroecosystem, though technically a native bee, impact disease incidence and relative abundances of naturally occurring Bombus species?
We chose to answer this question, in part, by looking at the prevalence of the microsporidian genus Nosema in wild bumblebees in and around Maine blueberry fields. We expected to find Nosema bombi (Fantham and Porter [13] ), an obligate intracellular parasite that commonly occurs in North American bumblebees [14] . Nosema bombi was one of the pathogens hypothesized by Colla et al. [12] to have jumped from commercial bumblebees to wild bumblebees foraging near greenhouses. It has been suggested that a European strain of N. bombi transferred from commercially reared bumblebees has been responsible for the decline of three species of bumblebees [15] including B. terricola Kirby, a bumblebee historically found in moderate-to-high population densities in blueberry fields in Maine [16] . Cameron et al. [17] reported B. terricola to currently have reduced abundance in relation to historical records while also showing an increased level of N. bombi infection (albeit based on a small sample size) in comparison to species without population declines.
The effects of N. bombi infection on colony and individual health have proven difficult to assess. Studying laboratory reared B. terrestris (L.) inoculated with N. bombi, Steen [18] reported low levels of colony success due to poor brood survival of inoculated queens. Likewise, Otti and SchmidHempel [19] found infected males had reduced sperm levels and infected queens had decreased ability to mate. In terms of colony success, infected colonies appeared to have reduced population size [20] . In contrast, Whittington and Winston [21] found no significant effects of N. bombi infection on colony size (B. occidentalis Greene) or amount of brood, although the authors suggest the experimental time (10 weeks) and/or the colony growth limitations due to greenhouse conditions may have obscured effects seen in older or free-ranging colonies. In general, the evidence seems to point to detrimental colony and individual health, (see also [14, 22] ) with the understanding that host species [23] and colony genetics [22] might influence the severity of effects due to infection. The primary objective of this study was to determine if the prevalence of N. bombi infection is higher in bumblebees caught in lowbush blueberry growing areas with a history of commercial bumblebee use than in bumblebees sampled in areas without a history of commercial bumblebee use. Based on the work of Colla et al. [12] , we hypothesized that a history of commercial bumblebee use would result in higher levels of N. bombi infection. If the history of commercial bumblebee use could not explain the pattern of Nosema infection, our second objective was to determine if measurable bee or field characteristics were predictive of infection occurrences. Our final objective was to determine relative Bombus species abundances and the species diversity in blueberry growing regions. We hypothesized that due to the use of commercial bumblebees for pollination services, the relative abundance of B. impatiens in Maine blueberry growing regions has increased.
Materials and Methods
Twenty-four lowbush blueberry fields located in Washington, Hancock, Waldo and Knox counties of Eastern Maine were identified according to their history of commercial pollinator use by personal historical observation or grower interview (Drummond pers. comm.) . A field was considered to have a commercial bumblebee history if at any point in time, commercial bumblebees were used in that field for at least one growing season since 1995. A field was considered to not have a commercial bumblebee history if commercial bumblebees had never been placed in that field. Some of the fields without a history of bumblebee use were routinely stocked with honeybees while others were not stocked with commercial bees of any kind, relying instead on wild bee pollinators.
Fields were paired according to the bumblebee history: a yes being paired with a no. The fields were located in three major blueberry regions of coastal Maine (Figure 1) , with Psyche 3 each pair located in the same general region. The distance between pairs of fields ranged from 1.5 km to 17.8 km, with a mean distance of 8.9 km. Six pairs of fields were visited for wild bumblebee collecting in 2009 and another independent six pairs of fields were sampled in 2010. All three regions were visited each year. One nonpaired field located in the town of Amherst ME (Hancock Co) that had been previously stocked with commercial bumblebees was visited in 2009.
The fields ranged in size from 2.2 to 20.5 hectares, although five of the fields were contiguous with other blueberry fields that were not included in the study. For these fields, the study collecting area was measured as opposed to total field size, which can run over 500 hectares of continuous blueberry landscape. The remaining collecting sites were isolated, discrete blueberry fields bordered mainly by forest. The collecting area in these fields was the entire forest delineated field.
Field Management.
Production practices varied from field to field. Farmers and field managers were contacted to determine how each individual field had been managed during one complete growing cycle that ended with the year of collection. The fields varied according to the types and extent of pesticide applications and pruning methods (Table 1) . Lowbush blueberry pruning methods typically create a two-year cycle with one year of vegetative growth followed by a flowering and then fruiting year. Not all fields were bearing fruit during the collection year.
Bee Collections.
Collection primarily took place in July and August when most foraging bees are workers. This minimizes the capture of queens. At the start of each collection period, a route was planned along field edges where noncrop plants were in flower. In Maine, lowbush blueberry bloom is from mid-May to mid-June. The planned route was covered twice per visit at a steady, slow pace. All observed foraging bumblebees were individually caught with a sweep net and then transferred to a clean 15 mL plastic centrifuge tube. The tubes were stored on ice until the bees could be placed in a freezer (−20 • C) where they were held until dissection. In order to best document the diversity of bees foraging in the fields, each field was visited 2-3 times over 4-6 weeks, with a goal of capturing 30 bees per field. In a subset of the fields (n = 13), the common name of the flower each bee was caught on was recorded. Some of the common names included several species. For example, "goldenrod" was recorded without differentiating among the possible species. But the recorded names did distinguish the plants at the generic level.
A third year of collecting was conducted in 2011 to develop a relationship between bee abundance, measured as the number of bees collected per unit time and Bombus species richness. One hundred twenty-five bees were collected from thirteen new blueberry fields that did not have active commercial colonies of B. impatiens or a history of use of such colonies. This collection was conducted in a similar fashion to the two previous years, but the collection bouts were timed. All collecting was done by one person who walked at a regular pace along a predetermined path along 
Species Identification, Bee
Age, Size, and Sex. All bees were sexed and identified to species using published keys [24, 25] and the online keys available through http://www .discoverlife.org/. For a subset (248 individuals caught in 2009), the right front wing was collected. Using electronic calipers, the length of the marginal cell was measured to 0.01 mm in order to estimate bee size [26] . The degree of wing wear was used to estimate age using a method adapted from Cartar [27] .
Bee Dissection.
Each bee collected in 2009 and 2010 was dissected and the gut tissues examined under phase-contrast microscopy at 400x magnification in order to determine if the bee was infected with Nosema. A bee was scored positive for infection if two or more microsporidian spores were seen (as in Figure 2 ). The criteria for spore identification were based on size, shape, and reflectivity as described by MacFarlane et al. [14] and Larsson [23] .
The bees were dissected by two different methods. Most of the 2009 bees were opened along the dorsal side of the abdomen. Small (about 2 mm) lengths of the mid and hindgut were removed, placed on a slide in a drop of distilled water and crushed with a coverslip. The remainder of the bee was then refrozen (−20
• C). In 2010, the entire abdomen was removed and ground with a pestle in a 1.7 mL microcentrifuge tube with 200 μL of distilled water. A sample of the resulting solution was examined under the phase contrast microscope. This second method of bee dissection was undertaken in order to detect spores that may not have been present in the gut tract but were present in other abdominal tissues [23] . The second method of dissection also prepared the bee for molecular identification of the microsporidian. Nosema-negative refrozen dissected bees were thawed and their abdomens removed and similarly ground, centrifuged, and subject to DNA extraction. DNA was extracted using a DNeasy Plant Mini Kit (Qiagen) and amplified using the genus-specific primer SSUrRNA-fl/rlc and species-specific primer Nbombi-SSU-Jfl/Jrl (Table 2 ) following the protocols of Klee et al. [28] using an Eppendorf thermocycler. The former primer pair contains sequences conserved in N. bombi, N. apis, and N. ceranae, while the later primer is specific to N. bombi small subunit rRNA sequences [28] . PCR products were visualized with electrophoresis on a 1.4% agarose gel stained with ethidium bromide. Samples were considered positive for Nosema if a band was visible at the expected fragment length (Table 2) . Fragment size was confirmed with a 100 bp ladder (Promega). A subsample (n = 8) of 222 bp fragments from the PCR products of the genus specific primer SSUrRNA-fl/rlc were extracted from 1.4% agarose gels stained with GelStar (Lonza), purified with a QIAquick Gel Extraction Kit (Quiagen) and sequenced on an Applied Biosystems (ABI) model 377 Sequencer at the University of Maine DNA Sequencing Facility. Edited and aligned sequences were compared with those deposited in GenBank.
Psyche

Analysis.
For all analyses of relationships between bee host or field factors and infection prevalence, infection prevalence was based on the proportion of bees determined to be Nosema positive with microscopic examination. As an indication of possible pathogen spread from a point-source such as one of the fields with a history of bumblebee use, we conducted a Mantel test [29] that compared matrices of differences in field infection prevalence and differences in geographic distances between fields. We used a randomization test with 1,000 iterations [30] . The distances were measured in a straight line from the center of each field using Google Earth (6.1.0.5001). When the most direct route between fields crossed a body of water greater than 1.5 km (a flight distance based on B. terrestris L.; [31] ) the shortest land route was measured. The closest fields were 1.2 km apart and the most distant were 154.2 km apart. Only the 24 paired fields were used for this analysis. Our question for this test was do fields that are closer together have similar infection levels?
Bumblebee species diversity for each field was calculated as Shannon's index [32] . Because of the difficulty of identifying male bees of the subgenus Psithyrus (12 individuals), all bees of this subgenus, including the three females, were grouped and considered one species for diversity calculations. Species richness was defined as the total number of species found in each field. With the 2011 bee species abundance data linear regression [33] was used to develop a predictor of density from species richness so that the effect of estimated Bombus spp. density on Nosema infection could be assessed (r 2 = 0.740; P = 0.0003).
A plant generic diversity (Shannon's index, [32] ) and generic richness measure (total number of genera represented by the bee catch) were obtained for the subset of 13 fields with known flower types bees were caught on. These measures represent the diversity and richness of the beevisited floral resources observed in each field and are not an exhaustive list of flowering vegetation, but represent the most common and preferred floral resources. We used linear regression analysis [33] to evaluate the relationship between plant generic richness and diversity measures and Nosema infection levels for the thirteen fields.
Considering the full data set of 25 fields, we used stepwise linear regression [33] to select models to examine relationships between 12 field characteristics and field-level (averaged across individual bees) Nosema infection levels. The field characteristics included bee species richness, bee species diversity, history of commercial bumblebee use, location (region 1, 2, or 3, see Figure 1 ), rotational stage (fruit bearing year or not), area, distance to the nearest field with commercial bumblebee use, and the six production practices listed in Table 1 . We used a mixed procedure with the probability to leave and enter at α = 0.250 and with square root transformed infection proportions. In this model, Bombus species richness was used as a proxy for Bombus spp. density as described above.
All general statistics and regression analyses were performed with JMP version 8.0.2 [34] . Mantel tests were conducted using PC-ORD, version 6 [30] . 
Results
Over two years, 767 bumblebees were caught, identified to species, and dissected. Of these, 42 bees were positive for Nosema infection according to light microscopy inspection, resulting in an overall 5.48% infection level (Table 3) . Neither sex (646 females, 37 female Nosema positive), nor dissection method (297 bees by method one, 13 Nosema positive), nor year of capture (373 bees caught in 2009 with 16 infected) explained the patterns of infection (Fisher's Exact, P = 0.66, P = 0.33, P = 0.21, resp.). Each bee was given an ordinal rank for the day of the year on which it was caught (Julian day). While not significant at the α = 0.05 level (χ 2 = 3.48, df = 1, P = 0.06) Nosema infections showed a trend toward higher incidence as the foraging season progressed (Figure 3) , and then declined at the end of the summer. Sampling did not continue in the Autumn. 
Field History.
Of the 25 fields visited for bee collections, 13 were originally identified as having a history of commercial bumblebee use and 12 were identified as no history of commercial bumblebee use. When interviewing growers about management practices, however, one no commercial bumblebee field was changed to a commercial bumblebee field as that grower indicated that a manager of an adjoining field had used commercial bumblebees in the past. This resulted in 14 commercial bumblebee fields (462 bees caught) and 11 no commercial bumblebee fields (295 bees caught). Of these remaining eleven no commercial bumblebee fields, none were located with an adjoining field under different management. Twenty-five Nosema positive bees came from commercial bumblebee fields and 17 came from no commercial bumblebee fields. There was no difference in the proportion of infected bees according to the history of using commercial bumblebees (Fisher's Exact Test, P = 0.87). This conclusion does not change when considering the original categorization of the fields related to commercial bumblebee use. Six fields had active commercial bumblebee colonies during the collection periods. There was no indication that those fields had levels of infection that differed significantly from the other nineteen fields (Student's two-tailed test, t = −0.12, df = 23, P = 0.45) or from the 10 fields with no history of commercial bumblebees (Student's two-tailed test, t = 0.15, df = 16, P = 0.51).
Bee Age, Size, and Species.
For a subsample of 248 bees, age and size measurements were obtained. Logistic regression reveals no relation between these two parameters and infection (size: Wald's χ 2 = .55, df = 1, P = 0.46; age: Wald's χ 2 = 2.57, df = 3, P = 0.46; size * age: Wald's χ 2 = 2.92, df = 3, P = 0.40). When considering all 767 bees, it was apparent that infection was not evenly distributed across species (Table 3 ). The proportion of infected B. terricola was significantly higher than the other bee species (Fisher's Exact Test, P = 0.0002). We did find one infected individual of the subgenus Psithyrus, in contrast to Larsson [23] .
Field Characteristics.
For the subset of thirteen fields for which we calculated plant generic diversity and generic richness, we found no significant linear trend relating floral generic richness and field-level infection level (P = 0.23). However, plant generic diversity showed a significant, negative relationship with infection level (F (1,11) = 4.70, P = 0.05) and differed according to collection region (Figure 4) .
Out of the 12 field characteristics considered as possible predictors for the occurrence of Nosema in the 2009 and 2010 sampling, only Bombus species diversity and blueberry growing region were significantly associated with infection. Together, these two characteristics account a little more than 26% of the variation in infection (r 2 adjusted = 0.27; species diversity F (1,22) = 6.85, P = 0.016; field region F (1,22) = 5.25, P = 0.03). The proportions of infected bees for collecting regions 1, 2, and 3 were 0.04 ± 0.02, 0.04 ± 0.01, and 0.08 ± 0.02 (mean ± SE), respectively. 
Bee Species Diversity.
Ten species were identified in the total collection, including 15 individuals of the subgenus Psithyrus found in five different fields ( Figure 5 ). Figure 5 includes those B. impatiens found in fields with active commercial colonies. Although all bees were caught at flowers and commercial bees were not targeted, some of B. impatiens (13.3% of total catch) were likely commercial bees. When all B. impatiens caught in fields with active commercial colonies were removed from the data set, only 35 individuals remained, which represents 5% of the resulting total. Bombus ternarius (Say) was by far the most abundant bee over the two years, making up 48.5% of the total collection and 42.6% and 54.1% of the 2009 and 2010 collections, respectively ( Figure 5 ). The species diversity calculated for the total catch of each year declined over the two years of collecting by nearly 30% (Shannon's Index for 2009 = 1.61; 2010 = 1.14).
In order to identify factors that influence species diversity, we compared the relationship between infection and species diversity when B. terricola was excluded from the data to the full data set. When all thirteen B. terricola caught over two years are removed, the relationship changes from a significant one, to insignificant ( Figure 6 ). In order to examine long-term trends in relative abundances, we retrieved measures from lowbush blueberry fields from 1961-63 [16] and 1997 and 1998 (Drummond, unpubl . data, n = 34 lowbush blueberry fields). The 1960s were well before the widespread use of commercial bumblebees, which were not adopted by Maine blueberry growers until the mid-1990s. We also collected 377 bumblebees in 2011 from blueberry fields within Region 2 of the disease collections. The relative abundances are shown in Figure 7 .
Evidence for Pathogen Introduction.
The results of the Mantel randomization test give no indication that fields with similar infection levels are geographical neighbors (P = 0.16). A second Mantel test conducted using the logarithm of both variables (proportion infected and distance) gives no indication of a nonlinear relationship between infection levels and geographic similarity (P = 0.16). The molecular confirmation of the infecting species was conducted on 41 of the 42 bees scored as Nosema-positive by light microscopy. One bee was omitted from this analysis due to damage during storage. Of these 41 bees, only 21 could be confirmed as being infected with Nosema bombi according to our protocol. For these 21 bees, PCR results showed amplification of DNA at the expected fragment lengths for both the general primers designed for detection of Nosema spp. (SSUrRNA-fl/rlc) and the primers specific for Nosema bombi (Nbombi-SSU-Jfl/Jrl). The remaining 20 bees had no amplification with the species-specific primers. For these bees, however, the results with the more general primers were ambiguous. Amplification products of expected size were present, but often accompanied with fragments of different lengths not associated with the primer. Furthermore, six of the bees scored as negative by light microscopy gave the same result: no amplification with the Nbombi-SSUJfl/Jrl primer pair, yet positive, with multiple-bands evident, for the SSUrRNA-fl/rlc primer pair. Of the eight samples sequenced, five sequences were consistent with N. bombi, Psyche one consistent with Nosema spp., and two gave unreadable results. Of the five consistent samples, four were from the bees confirmed as N. bombi and one from those with evident multiple bands with the SSUrRNA-fl/rlc primer pair. The one sample consistent with Nosema spp. and the two samples with unreadable results were from those with multiple bands with the general primers. Because of the difficulty of isolating bands at the target fragment length when multiple bands were present (resulting in unreadable results) no other samples were prepared for sequencing.
Discussion
The data provide no support for our prediction that the use of commercial bumblebees (B. impatiens) in Maine's blueberry fields has increased the prevalence of Nosema infection in those fields that have a history of commercial bumblebee use. Although our sample size is low, the power of our test is high, 0.879, for detecting large differences in infection (difference of a 0.5 proportion in Nosema spp. prevalence with a minimal detectable odds ratio of 3 and a significance level of 0.05). Therefore, we can conclude that there was no evidence of large differences in prevalence of Nosema spp. in wild bumblebees due to the use of commercial bumblebees by farmers. The total infection level of 5.48% does not indicate that coastal areas of blueberry production in Maine have an elevated prevalence of infection. This prevalence is lower than that found in a recent survey of bumblebees in Massachusetts [35] , but within the ranges found in multistate surveys [17, 36] .
However, when looking at individual species it is apparent that not all species are equally likely to harbor similar levels of infection. Our results show that B. terricola has a higher rate of infection than the other Bombus species, although our results are based on a low sample size for this species (13 individuals, Table 3 ). If we assume that infection is independent among collected individuals, then the likelihood of a sample of 13 B. terricola (proportion infected 46.2%) coming from a bumblebee community with an average prevalence rate of 5.48% is very low (P = 0.0000313, based upon the cumulative binomial distribution). This is a pattern also observed in a recent North American-wide survey [17] and also in a related recent analysis of geographic distributions of Nosema [37] . In western North America, B. terricola along with two species of the same subgenus, B. occidentalis and B. affinis Cresson, appear to be declining both in their abundance and range [15, 17, 38, 39] . This decline has been hypothesized to be a result of pathogen spillover from commercial bumblebees [12, 15, 40, 41] . Thorp [15] suggests that in the early 1990s commercial North American bees were reared in Europe and subsequently infected with a virulent biotype of N. bombi that was transmitted to wild bees in the US and Canada when colonies from these populations were used for pollination. To the best knowledge of one of us (F. A. Drummond), commercial bees first started being used in Maine lowbush blueberry fields around 1995, a time that would roughly coincide with Thorp's timeline for the introduction of European strains of N. bombi. With this study, however, we find no evidence of pathogen spillover when looking at the geographic data set comprising fields from all three regions. Across the blueberry growing regions, we find no clustering of infection. Based on pathogen identification with light microscopy, we find the only suggestion of pathogen spillover is the clustering of the pathogen within one species, which we consider to be insufficient evidence of commercial bumblebee contribution to Nosema prevalence in wild bumblebee populations due to the fact that this short-term study is unable to document longer-term disease/host population dynamics.
We found two field characteristics that help explain the distribution of Nosema infection across the three blueberry regions. Bumblebee species diversity showed the strongest influence and region of field location as a lesser predictor. We suggest that the species diversity is primarily driven by the presence or absence of B. terricola ( Figure 6 ) and that this effect is a result of the nearly 50% infection prevalence of that species.
The fields in the most southern region (Region 3) of our sampling area have a higher mean prevalence of infection than the fields from the other regions. All regions have at least one field with no infected bees, but Region 3 also contains fields with the highest infection prevalence that occurred in the study. The causes of this cluster are not clear. According to our regression analysis that examined twelve field characteristics, only species diversity also explained prevalence of Nosema infection. Comparison of species diversity means by region reveals no differences so this measure does not account for the cluster of infections in Region 3. However, the data from the subset of 13 fields did show a negative relationship between plant generic diversity and field infection prevalence. The fields from Region 3 in this subset do show the lowest levels of plant generic diversity found in this study (Figure 4 ). This could be a spurious relationship, but two factors lower diversity; a small number of species and/or the dominance of a few species in the population. Both of these conditions would force bumblebees to forage on the same flower types, which, if Nosema is transmitted on the flower itself, as with other pathogens [42] , easier disease transmission between colonies could occur. Further research will be needed to confirm and clarify this relationship.
Our analyses rely on light microscopy to determine the presence of Nosema infection in Bombus. This approach is limited to identifying pathogens to the genus level only. Spores that were of the correct size and shape for N. bombi overlap with those of other Nosema species (N. ceranae, N. apis) [43, 44] . To identify the infecting agent at the species level, we attempted to isolate the pathogenic DNA for molecular analysis. Of the 41 bees showing positive Nosema infection via light microscopy and subjected to molecular analysis, only 21 had amplification with the species-specific primer pair Nbombi-SSU-Jfl/Jrl. The other 20 lacked clear amplification, but were clearly infected with Nosema-like spores under the light microscope. This may reflect a variant of N. bombi which does not amplify with this speciesspecific primer, or suggest the presence of a different Nosema species. The more general primers, SSUrRNA-fl/rlc, amplify conserved regions of rRNA commonly held across N. bombi, Psyche 9 N. apis, N. ceranae [28] , and other Nosema and Vairimorpha species. Amplification with PCR from these primers was evident in all 41 bees. Six bees that scored Nosema-negative with light microscopy also showed amplification with these primers (but with no amplification with the Nbombi-SSU-Jfl/Jrl primers), a situation which may indicate sample contamination or amplification of nontarget DNA. We cannot conclude, with any confidence, the species of infecting Nosema from these PCR results.
The cross-infectivity of N. apis and bumblebees has been questioned [23] and while there is evidence that N. ceranae has crossed from honeybees to bumblebees in South America [45] , such a host jump has not been documented elsewhere.
N. ceranae appears to have recently crossed from the Asian honeybee (Apis cerana F.) to the European honeybee (Apis mellifera L.) [44, 46] and is now found globally in infected honeybees [47] . Every year blueberry growing regions of Maine are stocked with rented honeybees, which could prove a source of either N. ceranae or N. apis. However, given the low likelihood of bumblebees successfully infected with either N. apis or N. ceranae, and given the known, widespread occurrence of N. bombi [17] and lack of evidence of other microsporidian infective agents in bumblebees, we consider it reasonable to treat all observed infective agents as Nosema and most likely N. bombi. Further research identifying optimal primers in order to reliably sequence isolated gene fragments of the infective agent is warranted.
Exactly half of the 20 bees that did not produce amplification with the Nbombi-SSU-Jfl/Jrl primers came from fields with a history of commercial bumblebee use and half came from fields without the bumblebee use. All collection regions and five species were represented by this group of 20 bees that showed no amplification with the species specific primers. Only two of the originally determined six Nosema-positive B. terricola are represented by this group (Table 3) .
Our final objective was to examine relative species abundances in Maine's blueberry growing region after about 17 years of importation of B. impatiens as pollinators. Our recent surveys compared with historic relative abundances ( Figure 7) suggest that since the use of commercial bumblebees, the relative abundance of B. impatiens has increased. While some Bombus species have remained relatively stable, B. terricola and to a lesser extent B. fervidus (F.), have pronounced reduced abundances. B. ternarius, while always abundant, also shows an upward trend. The shift in abundance of B. impatiens suggests that queens reared by commercial colonies may be successfully overwintering and founding their own colonies. Bombus impatiens was not reported in Maine or Maritime Canada in the 1960s [16] , (Drummond unpubl. data) . Mark-recapture studies of new queens conducted by Stubbs and Drummond [6] have shown that commercial B. impatiens queens will overwinter successfully in Maine. This is not an unreasonable frequent occurrence, as commercial colonies often stay in lowbush blueberry fields through the colony lifecycle. While Figure 7 suggests species shifts within bumblebee communities are occurring, this data does not support or refute the concern that bumblebees as a whole are in decline in Maine lowbush blueberry growing regions as described for other regions globally [48] . However, shifts in biodiversity of bumblebees could have impacts on the ecosystem services provided by these important wild pollinators [49, 50] . This should be a top priority for future research.
